Methods
Monolayer and bilayer WS 2 were synthesized using the same method as for growing WS 2 /MoS 2 vertical bilayer, except that MoO 3 powder was removed. Bilayer MoS 2 was synthesized by CVD method as reported in literature.
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Sample transfer
All the transfer processes, including TEM sample and WS 2 /MoS 2 bilayers made by mechanical transfer in our study, were performed following a poly (methyl methacrylate) (PMMA) (950 PMMA A4, Micro Chem) assisted method. SiO 2 layer was etched by 2M KOH solution after a PMMA thin film was spin-coated on the top of the sample/SiO 2 /Si substrate.
The lifted off PMMA/sample layer was then transferred onto other substrate and air-dried.
PMMA was washed off with acetone and isopropanol.
STEM Z-contrast imaging and chemical analysis
In order to avoid hydrocarbon contamination, the TEM sample of the vertical stacked heterostructure was annealed at 700°C for 2 hours under 10 -7 torr vacuum, which generated some triangular pits in the film. 3 All TEM samples were baked at 160°C for 8 hours under vacuum before the microscopy experiment. Scanning transmission electron microscopy (STEM) imaging and electron energy-loss spectroscopy (EELS) analysis were performed on an aberration-corrected Nion UltraSTEM-100 operating at 60 kV. The convergence semi-angle for the incident probe was 31 mrad. Z-contrast images were gathered for a half-angle range of ~86-200 mrad. EELS spectra were collected with a collection semi-angle of 48 mrad. The W and Mo chemical maps were obtained by multiple linear least squares (MLLS) fitting of the experimental EELS spectrum image with the reference spectra of W O-edge and Mo N-edge shown in Fig. S8 , acquired under the same experimental conditions.
Raman and PL characterization
Raman and PL spectra and the corresponding mappings are performed under 514.5 nm laser excitation (Renishaw inVia) with a power of 20 mW at room temperature. The spot size of the laser is about 1 μm 2 . The step size for Raman and PL map is about 0.5 μm.
FET device fabrication and test on vertical stacked WS 2 /MoS 2 heterostructures
The geometry of the transportation channel is fabricated by two lithography-etching processes.
First, we deliberately patterned and etched out the MoS 2 areas which are not covered by WS 2 or directly used totally covered WS 2 /MoS 2 bilayers. After making contacts to the bilayer films, we further patterned the film into a square bar as the red lines indicates (Fig. S14A) . The width and length is measured by SEM images.
Metal electrodes (1.5 nm Ti / 30 nm Au) were deposited on both top and side of the bilayer structure to connect with both layers. All electrical measurements are carried out in the probe-station along with an Agilent B1500A Semiconductor Device Analyzer under high vacuum (10 -5 torr). The mobility is estimated by calculating the linear regime of the transfer characteristics using the equation
Details in the DFT calculations
Density functional theory (DFT) calculations on the band structure of the zigzag and armchair were performed under the Vienna ab initio simulation package (vasp) with the core-valence interaction described by frozen-core projector augmented wave (PAW) method. The exchange-correlation functional was described by the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE). All atoms are allowed to relax until the calculated Hellmann-Feynman force for all atoms is less than 0.01 eV/Å.
For calculations on the energy gain per unit length (α) due to the chemical bonding and energy gain per unit area (β) due to the van der Waal stacking in the discussion of growth mechanism, we choose local density approximation (LDA) to the exchange-correlation functional. We consider the most stable 2H (or AA') stacking as shown in Figure 2G in the main text for the van der Waals energy calculation. The α (β) is calculated by DFT using the routine method on binding energies of two materials divided by the length (area) of the binding region [8] [9] [10] .
Discussion of possible growth mechanism
We proposed the growth of the WS 2 Occasionally, we find a very small amount of heterostacks at 650˚C. However, we never find in-plane heterojunctions at 850˚C. At 750 ˚C, we obtain a mixture of both types of heterostructures.
The observed temperature-selective growth can be explained as follows. We propose that the lateral heterostructure grown at low temperature is a kinetic product, while the vertical stacked bilayer at high temperature is a thermodynamic product, which is a general case for temperature selective growth in chemistry 12 .
To perform the thermodynamic stability analysis, we adopt the models schematically shown in Fig. S3 , with the characteristic length of L for WS 2 flake. Since the edge energies are comparable in these two cases, the energy gain during the growth for in-plane and stacking heterostructures are mainly from edge binding (for in-plane heterostructure) and van der comes from the triangular shape of the WS 2 flake. For WS 2 flake with L = 1 µm, the energy gain for in-plane and stacking heterostructures are 1.62 × 10 6 eV and 1.1 × 10 10 eV, respectively. As L goes larger, the difference in energy gain becomes larger. Therefore, the stacking heterostructure is thermodynamically favored.
At low temperature (650 ˚C), nucleation and growth of WS 2 is extremely difficult and slow field may drive the free electrons and holes generated in the vicinity of the interface to recombine preferentially at the interface.
